Abstract: Atomic force microscope (AFM) observation and analysis of Izumiyama hydrothermal illite (the weaker altered illite-kaolinite zone (IZ-1) and the higher altered illite zone (IZ-2)) were performed to understand the crystal growth mechanism and the relation between morphology and polytype of the illites. Our AFM results suggest that growth of the Izumiyama illite was controlled by a mechanism of solution-mediated polytype and spiral-type transformations, based on the Ostwald ripening process. The sequential variations could follow the changes in supersaturation and/or temperature of the solution. The paths of the thermal and supersaturation condition changes of the hydrothermal solutions for the two samples were estimated from the saturation state of the solution, which was evaluated by the step separation, polytype and mineral assemblage of the samples.
INTRODUCTION
After Frank [1] suggested the spiral growth mechanism to account for the growth of vapor-phase crystals, growth spirals with unit-cell-order step heights were observed on many mineral surfaces mainly by the following two methods, phase-contrast and interference contrast microscopy [2] [3] [4] and the platinum-carbon (PT-C) replica and golddecoration methods for transmission electron microscopy (TEM) [5] [6] [7] [8] [9] [10] [11] . These methods, however, do not permit to quantify surface microtopography on the unit-cell-order of minerals. Phase-contrast and interference contrast microscopy are sensitive to vertical resolution, but the lateral resolution is limited to that of optical microscopy [6] . In the PT-C replica and gold-decoration methods, the thickness of sample is primarily estimated from the length of its shadow cast at a low angle in PT-shadowed TEM specimen [12] . The resolution of thickness measurement of the shadowed specimen is ±4 Å at a shadowing angle of 10°, making it difficult to determine whether the thickness is within 10 Å or 7 Å, i.e. a 2:1 or 1:1 phyllosilicate layer [12] [13] [14] .
This problem has largely been overcome by atomic force microscopy (AFM). It is a promising tool for quantifying surface microtopography on the order of the unit-cell of minerals. The use of AFM for ultrafine particles such as clay minerals permits morphological measurement of high accuracy, including particle dimension, step height, and step separation, that cannot be performed by other techniques [12, [14] [15] [16] [17] [18] .
*Address correspondence to this author at the Department of Evolution of Earth Environments, Graduate School of Social and Cultural Studies, Kyushu University, Ropponmatsu, Fukuoka 810-8560, Japan; E-mail: ykuwa@scs.kyushu-u.ac.jp It is well known that illite and kaolin minerals formed under hydrothermal condition show spiral growth pattern on their (001) crystal surfaces, produced by the spiral growth mechanism [6, 7, 9, 17, 18] . The morphology of growth spirals of illite or micas can potentially yield information on the solution saturation state during crystal growth. Kitagawa [9] and Kuwahara et al. [18] showed that the spiral shape and step separation of hydrothermal illite crystals depend strongly on the supersaturation condition of the solution. The morphology of growth patterns is also closely related to the occurrence (fissure filling, metasomatic, and massive metasomatic) and aggregation texture of crystals (higher and lower porosities in specimen) [9] .
Izumiyama pottery stone deposit, located in the Saga prefecture of southwestern Japan, is a deposit discovered first in Japan in 1616 and thereafter has been used as materials of the Arita ware making until the Edo era [19] . The deposit was formed by hydrothermal alteration of a rhyolite intrusion and can be divided into four zones from the center to the outer of the alteration area ( Fig. 1) [19] . In the deposit, hydrothermal illite is included mainly in the illite zone with illite veins (fissure filling or higher porosity) and the illitekaolinite zone (lower porosity) that produced high quality clay for the Arita ware [19, 20] . Therefore, the deposit provides the opportunity to understand the formation process and mechanism of hydrothermal illite and the difference between the two types. It has been revealed by XRD, TEM and AFM studies that the hydrothermal illite in the two zones has the different structural and morphological characteristics [17] [18] [19] [20] . However, the formation process and mechanism of the hydrothermal illite and the difference between the two have not been understood. On the other hand, in Izumiyama pottery stone, many lath-shaped hydrothermal illite particles with 2M 1 polytype have been found by recent AFM study [18] . This is inconsistent with a previous conclusion regarding the shapes of 1M laths and 2M 1 platelets of hydrothermal illite and synthetic mica based on TEM and powder X-ray diffraction (XRD) studies [21] [22] [23] .
In this study, we performed the surface microtopographic observations and analyses of Izumiyama hydrothermal illite particles in the two hydrothermal alteration zones by AFM, to obtain the understanding of the spiral growth and polytype-transformation mechanisms. The comparison in morphological characteristics between the two hydrothermal illites demonstrates that they grew under different supersaturation conditions and different temperatures.
EXPERIMENTAL

Materials
Two ore samples (IZ-1, IZ-2) from the Izumiyama pottery stone deposit, Arita, Saga prefecture, Japan, were examined in this study. Sample IZ-1 is a white massive ore collected from the outer, weaker altered illite-kaolinite zone ( Fig. 1) [19] . It contains illite with 1M, 1Md, 2M 1 and 2M 2 polytypes, kaolinite, K-feldspar and quartz, based on XRD and TEM [20] . Sample IZ-2 is a white clayey ore from illite veins of the inner, higher altered illite zone (Fig. 1) [19] , and is consisted of nearly pure illite, with a mixture of 1M, 2M 1 and 2M 2 polytypes, based on XRD and TEM [20] or a mixture of 1M, 2M 1 , and 2O polytypes, based on AFM [18] . Our previous scanning electron microscopy (SEM), XRD and AFM studies of the samples showed that the illite particles are concentrated in the < 5 m fraction [18, 20] . The age and temperature of hydrothermal alteration related to the formation of the Izumiyama pottery stone deposit have been estimated at 2.2-2.1 Ma and ~250°C, respectively [20, 24] .
AFM Imaging
The sample preparation method used for AFM observations has been described by Kuwahara et al. [17] . Briefly, a dilute suspension of illite with distilled water was evaporated on a Si wafer, which is flat at the subnanometer scale. The   Fig. (1) . Alteration zones of the Izumiyama pottery stone deposit. (after Nakagawa et al. [19] ).
AFM used was a Nanoscope III with a Multimode SPM unit (Digital Instruments). The samples were scanned in air in tapping-mode AFM (TMAFM), using a J-head piezoelectric scanner (125 m XY scans and 5 m Z scan) and 125 m microfabricated Si cantilevers. The scanner was calibrated to both the Au-coated proof standard for the X and Y directions (1 m) and the Pt-coated crosshatched standard for the Z direction (150 nm). In addition, the c unit-cell height, measured using a phlogopite mica standard sample, was 1.0 ± 0.08 nm. The scanning rate was 1.0 Hz. Setpoint voltage and integral and proportional gain were adjusted for each scan accordingly.
We collected parallel height and amplitude images. The TMAFM height image is digitally recorded surface topography. The TMAFM amplitude image is essentially a record of the error in the height image under a constant force mode and amplifies the stepped appearance on the surface. The AFM image analysis, including the measurement of particle dimension, step height, and step separation, was performed using Nanoscope software (Veeco) and image SXM analysis program [25] . The error of the analysis is estimated to be less than 5% [17, 26] .
RESULTS
Izumiyama hydrothermal illite particles exhibited platy to lath shapes (Figs. 2-4) . The individual platy particles were circular, malformed circular, rectangular, hexagonal and other polygonal shapes. Lath-shaped particles had commonly euhedral or straight terminations. Coalesced particles as well as single crystals were also found in some instances.
Many of the Izumiyama illite particles exhibited various growth spiral patterns or successive steps on their (001) surfaces (Figs. 2-4) . Tables 1 and 2 show the morphological data of the illite particles with such spiral patterns in the samples IZ-1 and IZ-2, respectively. The particle shape seems to be related to the spiral shape. The circular or malformed crystals are characterized by circular spiral pattern, while the polygonal or lath-shaped particles exhibit polygonal spiral, in both the samples. However, the mean particle dimension and step separation tend to be larger in the sample Step height is 1.0 nm corresponding to the thickness of a single unit-cell layer of mica or 2.0 nm to the thickness of two single unit-cell layers.
IZ-2 than those in the IZ-1, especially in the polygonal and lath-shaped particles. In addition, in the IZ-1 the frequency of the circular and malformed particles was > 50%, whereas in the IZ-2 that of the polygonal and lath-shaped particles was > 80%.
Many of the circular and malformed particles in the IZ-1 and all of those in the IZ-2 showed a single unit-cell layer circular spiral on their (001) surfaces (Tables 1 and 2). The step height was 1.0 nm, in consistent with the thickness of a 2:1 layer of mica (Fig. 2) . Illite particles with such circular spiral pattern were believed to be of 1M polytype [18] . In the IZ-1, malformed crystals having circular, paired step spiral were found (Figs. 3a and b) , which could be the 2M polytype [9] . The mean particle dimension and mean step separation of illite particles with circular spiral pattern were the smallest and narrowest, respectively, in all the types (Tables 1 and 2).
Three types of the polygonal spiral patterns were observed on the (001) surfaces of the polygonal platy particles (see Fig. 2 in Kuwahara et al. [18] ). The first is a single unitcell layer polygonal spiral arising from a single screw dislocation point on the surface of a polygonal platy particle (Fig.  4a) [18] . The step height is 1.0 nm, and thus this illite particle is the 1M polytype [10, 18] . The second type is the interlacing pattern formed by two single unit-cell layers rotated by 120°, originating from a single screw dislocation point on the particle surface (Figs 3c, d and 4b) [18] . The step heights are 2.0 nm in the parallel parts where the front of advancing step with a single unit-cell height overtakes that of the adjacent lower step and 1.0 nm in the zigzag parts where the one step does not overtake the adjacent lower step, respectively. This evidence confirms that the illite particle is the 2M 1 polytype [6, 17, 18] . Generally, the mean particle thickness and mean step separation of the polygonal platy illite 2M 1 particles are larger and wider than those of other platy particles in the samples. The third type, found only in the IZ-2, is parallel spiral patterns formed by two single unit-cell layers rotated by 180°, originating from a single screw dislocation point on the particle surface [18] . Each step has a height of 1.0 nm, but this particle exhibits paired step patterns. The illite particle with such step spirals was first discovered by Kuwahara et al. [18] , and is the 2O polytype. The frequency of 2O illite particles in the IZ-2 is up to 10% ( Table 2) , although the 2O polytype is quite uncommon in illite or muscovite [27, 28] . The mean particle thickness and mean step separation of the 2O illite particles were nearly equal to those of the polygonal platy 1M illite particles.
Many of the lath-shaped particles exhibited interlacing patterns, which are identical to the second type of the polygonal spirals showing on the surfaces of polygonal platy particles, as mentioned above (Fig. 4b) . These lath-shaped particles, therefore, are the 2M 1 polytype. In general, the mean step separation of the 2M 1 lath-shaped particles is relatively wide.
DISCUSSION
Growth Habit and Illite Polytype Dependence
A strong dependence of the growth habit on the polytype of mica, i.e. 1M laths and 2M 1 platelets, has been suggested by previous XRD and TEM studies of hydrothermal illites and synthetic micas [21] [22] [23] . Inoue et al. [23] showed that the growth of illite during smectite-to-illite conversion in the hydrothermal setting consists of two distinct growth sequences. The first stage is the growth of lath-shaped particles present in illite-smectite (I-S) with 55-20% expandable layers, continuing metastably up to 0% expandable layers. The second stage is the growth of hexagonal particles in I-S with 20-0% expandable layers. The first stage corresponds to the evolution from the 1M d to 1M illite, while the second stage corresponds to the evolution of the 2M 1 illite.
In contrast, our AFM study on Izumiyama hydrothermal illites revealed that hexagonal or other polygonal platy particles have not only the 2M polytype but also the 1M or 2O polytype, and many of the lath-shaped ones are the 2M polytype and the 1M or 2O platy particles occur frequently in the samples (Table 2) . Therefore, there may be no correlation between the growth habit and the polytype of illite. As discussed below, this inconsistency between the previous XRD and TEM and our AFM studies may be caused by a crystal growth mechanism, based on the Ostwald ripening process, involving solution-mediated polytypes and spiral-type transformations of mica [18, 21] .
The elongation of lath-shaped illite is well known to be parallel to the a axis direction [16, 17, 29, 30] . It has naturally been supposed that the lath habit of illite would be produced by a preferential growth in the (100) direction. Fig. (5) shows the relation between the length or width and the thickness of Izumiyama hydrothermal illites, indicating the relative growth rates of the individual crystal surfaces. In the IZ-2 where lath-shaped illite particles were well formed, the ratio of the length to the thickness (L/T) of the lath-shaped particles was nearly equal to that of the platy particles (Fig.  5c) . There was also no difference in the length or thickness between the lath-shaped and polygonal platy particles. Therefore, the growth rate in the length direction (100) was uniform within a certain range, regardless of the crystal morphology. In contrast, the ratio of the width to the thickness (W/T) of the lath-shaped particles was much lower than that of the platy particles (Fig 5d) . These facts reflect that the lath habit of Izumiyama hydrothermal illites was produced by an inhibited growth in the width (010) direction instead of a preferential growth in the length (100) direction of the particles. Specifically, the formation of the lath habit was controlled by the growth rate in the (010) direction of the particles. It, however, is unclear what controlled the growth rate in the (010) direction of the illite particles.
On the other hand, in the IZ-1, there is a tendency that the ratio of the length or width to the thickness of the circular and polygonal platy 1M illite particles is higher than that of the polygonal platy 2M illite particles (Figs. 5a and b) . The former seems to have grown more rapidly in the a and b axis directions and more slowly in the c axis direction than the latter. Hirasawa and Uehara [20] has reported that these illite particles in the IZ-1 are divided into three types, based on their occurrence, morphology, and polytype: type 1 is euhedral 2M illites growing in micropores of rocks, type 2 is subhedral 1M illites occurring as inclusion of quartz crystal, and type 3 is subhedral to euhedral 1M and 1M d illites in associated with quartz and K-feldspar. They also concluded that the type 1 illite was formed at higher temperature than those of type 2 and type 3 illites and that the formation order was type 2 type 1 type 3. Judging from the morphology and polytype of the particles, the circular and polygonal platy 1M illites identified by our AFM observation correspond to the type 2 or type 3 illite reported by Hirasawa and Uehara [20] , and the polygonal platy 2M illite corresponds to the type 1 illite. The type 1 illite was usually composed of many packets which are stacked in parallel to the c* direction, filling interstitial pore spaces, whereas the type 2 and type 3 illites tended to be thin, probably due to the limited space [20] . Therefore, the more rapid growth rate in the c direction of the polygonal platy 2M illite (type 1) than the circular and polygonal platy 1M illite (type 2 and 3) was likely caused by relatively larger pore space for crystal growth as well as higher temperature.
Polytype and Spiral Shape Transformation and Spiral Growth Mechanism
In the IZ-2, there is a clear relation between particle morphology and spiral shape and mean step separation of illite particles ( Table 2) . Platy particles with circular spirals have narrower step separations than other particles. Polygonal platy and lath-shaped particles with interlacing patterns (2M 1 illite particles) tend to have wider step separations than other polygonal particles (1M and 2O illite particles). This relation is also found in the IZ-1, although the relation is not apparent relative to that in the IZ-2 (Tables 1 and 2 ).
In general, polygonal steps having wider step separation are formed under lower supersaturation conditions than those of circular steps with narrower step separation [6, 8, 15] . The spiral growth rate of a particle having wider step separation is slower than that having narrower step separation because of the lower supersaturation conditions [31] . Therefore, particles having wider step separation should be thinner than those having narrower step separations.
In the sample IZ-2, however, illite particles with wider step separation tend to be thicker and longer than those having narrower step separation (Figs. 6d and e) . As mentioned above, the particle dimension and step separation of circular 1M illite particles with circular spiral patterns are the smallest and narrowest, respectively, in all the types. In addition, the particle dimension and step separation of the polygonal 2M 1 illite particles are larger and wider than those of other polygonal (1M and 2O) particles. Therefore, the thickness and length of the particles seem to be proportionally related to the step separation, sequentially varying the morphology, spiral shape and polytype (i.e., circular 1M polygonal platy 1M and 2O polygonal platy and lath-shaped 2M 1 ). The IZ-2 is a white clayey ore, which is composed of nearly pure illite, from illite veins of the inner, higher altered illite zone (Fig. 1) . These illite particles must have been precipitated directly from hydrothermal solutions in open space (vein). In contrast, such variation is not apparent in the IZ-1 (Figs. 6a, b, and c) , although the step separation of circular platy particles tends to be narrower than those of polygonal platy and lath-shaped 2M illite particles ( Table 1 ). In the IZ-1 three types of illites were likely formed under different temperature and pore space conditions, as described above.
The sequential variation observed especially in the IZ-2 is consistent with a speculative mechanism of solutionmediated polytype transformations for mica based on the Ostwald ripening process [21] . According to Baronnet [21] , a large number of 1M d particles first form during the initial nucleation stage. When supersaturation degree of the solution decreases, the particles smaller than the critical size will dissolve and form 1M overgrowths on the larger 1M d particles. Coalescence of particles could also take place along with the ripening, consequently producing the larger particles. As supersaturation degree decreases, the dissolving, smaller 1M particles feed 2M 1 overgrowths on the larger 1M particles. For the Izumiyama illite, the platy 1M illite particles with circular spirals were initially formed (probably after the initial stage of Baronnet [21] ). Then the smaller particles dissolved, and 1M and/or 2O structures with polygonal spirals formed on the (001) surface of the larger 1M particles having circular spirals. Finally, the 2M 1 illite crystallized on their surfaces. During the crystal growth and polytype transformation, the supersaturation of the hydrothermal solution probably decreased gradually. The particles exhibiting the 2M 1 structure, which was finally formed on the (001) surface, would be thicker than the other particles. In addition, our AFM study has revealed the coalescence of illite particles and overgrowth of illite layers (Fig. 7) .
The deviation from equilibrium of a solution-precipitated illite particle can be estimated using step separation [15] .
The step separation of a spiral (r step ) is related to the critical radius of nucleation (r c ), which is defined by the molar volume (V), the surface energy ( ), and the molar free energy of the dissolution reaction ( G dis ) [15, 32] ,
The mean step separations of five different types of Izumiyama illite in the IZ-1 and IZ-2 are listed in Tables 1 and  2 , respectively. Using these mean step separations, V = 140.31 cm 3 /mol for muscovite [33] , and = 40.2 ergs/cm 2 for illite [34] , equation (1) estimates each G dis for each mean step separation ( Table 3 ). The saturation state of the solution can be estimated from the following equation, where R is the gas constant, T is the absolute temperature, Q is the activity product of the solution, and K is the equilibrium solubility product of illite. A log (Q/K) value > 0 indicates increasing supersaturation while < 0 indicates undersaturation.
The sample IZ-2 is nearly pure illite from illite veins of the inner, higher altered illite zone (Fig. 1) [19] , and the temperature of hydrothermal alteration has been estimated to be ~250°C [20, 24] . Hence, the hydrothermal solution is probably characterized by the illite (0.88K) phase below the quartz saturation line (log a H4SiO4 < -2.24) in Fig. 8 ) [35, 36] . On the other hand, the sample IZ-1 is from the outer, weaker altered illite-kaolinite zone (Fig. 1) [19] and contains 1M and 1M d illite (type 2 and type 3), 2M illite (type 1), kaolinite, Fig. (7) . (a) TMAFM amplitude image showing an illite particle into which two lath-shaped particles (sub-particles A and B) coalesced. (b) Magnified view within the box in (a). Open arrows show that the illite layers of sub-particle B overgrow on the surface of sub-particle A. Solid arrows show polygonal steps on the surface of sub-particle B.
K-feldspar and quartz [20] . As mentioned above, the type 1 illite formed at higher temperature than the type 2 and the type 3 illites and the order of formation was type 2 type 1 type 3 [20] . The type 2 illite occurred as inclusions of quartz crystals, whereas the type 1 illite grew in contact with quartz or K-feldspar in micropores of rocks. Our AFM observation of the IZ-1 newly provides evidence that 2M illite layers overgrew on the surface of kaolinite particle (Fig. 9) . Based on these facts and the phase diagram in Fig. (8) , the temperature of the hydrothermal solution may vary at least from about 150°C (1M and 1M d illite, kaolinite and quartz) to 200°C (2M illite, K-feldspar and quartz), and finally decrease below 150°C (1M d illite, kaolinite and quartz).
We estimated the log (Q/K) values at temperatures of 200°C for the IZ-1 and 250°C for the IZ-2 ( Table 3) . The particles having circular spirals formed under relatively high supersaturation conditions. In contrast, the 2M structure on the polygonal platy or lath-shaped particles grew very slowly under nearly equilibrium solution conditions. In the IZ-1, the 2M structure could form under solution conditions with log (Q/K) < 0.1. On the other hand, this in the IZ-2 seems to occur mainly at lower log (Q/K) value. However, the 2M structure in the IZ-2 could practically form under the same conditions as in the IZ-1, since the narrowest step separation of the 2M illite particles is about 100 nm corresponding to log (Q/K) 0.1. Fig. (10) illustrates the paths of the thermal and supersaturation conditions of the Izumiyama hydrothermal solutions. In the IZ-1, the illite particles having circular spirals and/or polygonal single layer spiral (1M) (and kaolinite particles (Fig. 7) ) were initially formed as the increase of temperature (~150°C to 200°C) and the decrease in supersaturation condition of the solution. When the supersaturation condition, log (Q/K), decreased below about 0.1 and the temperature reached 200°C, the 2M illite particles or structures would produce. Finally, the illite particles having circular spirals and/or polygonal single layer spirals (1M) then formed as the increase in supersaturation condition of the solution following the decrease in temperature. On the other hand, in the IZ-2, the supersaturation of the solution decreased gradually during the polytype transformation of a spiral shape (1M circular spirals 1M, 2O polygonal spirals 2M 1 polygonal spirals), at higher temperature (~250°C). 
CONCLUSIONS
This study demonstrated that the Izumiyama hydrothermal illite particles formed as the result of a mechanism involving solution-mediated polytypes and spiral-type transformation, based on the Ostwald ripening process. The initially formed smaller particles would dissolve and form different polytype structures on the larger particles. Coalescence of particles also took place along with the ripening, and consequently produced the larger particles. The overgrowths of illite layers occurred on the surface of not only illite but also kaolinite. The supersaturation conditions of the hydrothermal solutions for the two different occurrences changed along different paths, resulting in the overgrowth and polytype transformation. 
